Electromagnetic bandgap (EBG) structures can help in the reduction of mutual coupling by their capabilities of suppressing surface wave's propagation in a specific frequency range. In this work, a dual-layer EBG structure, which had a lower resonant frequency than the single-layer one, is proposed in order to reduce the mutual coupling between E-plane coupled microstrip antenna array. As this EBG structure significantly made the series capacitance between neighbor cells larger, a drastic reduction of the unit cell size was achieved. The simulated and experimental results show that the proposed structure has a significant 19 dB mutual coupling reduction.
Introduction
Mutual coupling effects can cause significant degradation of performance in many array applications. For example, it may cause scan blindness in phased arrays with a large scanning angle and degradation of the side lobe level, especially for the ultra low side lobe level antenna arrays [1, 2] .
In fact, two patches can be coupled in an array through two paths; the first path arises from the free space radiation which is present in all types of array antennas and the second path arises from surface waves constituting a very important factor in patch antennas. Generally, when a patch antenna operates in the fundamental mode, surface waves are strongly excited in the E-plane.
There are many methods for reducing the effects of mutual coupling, which include optimizing antenna dimensions [3] , grooving the dielectric [4] , covering the patch by additional dielectric layers [5] , using shorting pins to cancel the capacitive polarization currents of the substrate [6] , adding parasitic conducting tape to the middle of two antennas [7, 8] , or using the dielectric as a bandgap structure between elements in the array [9, 10] .
Electromagnetic bandgap structure consists of a periodic structure made of dielectric or metal and exhibits one or more forbidden frequency bands. Since the bandgap frequency range is determined by the physical dimension of the EBG and the optimum element separation for avoiding grating lobes in the visible region of the phase array antenna has to be 0.5λ 0 (where λ 0 is the free-space wavelength), reduction of mutual coupling by means of an EBG structure becomes particularly challenging when grating lobes must be avoided. In order to overcome this issue, many methods have been proposed to reduce dimensions of an EBG cell. They include using spiral EBG cells [11] , loading lumped element in the EBG structure [12] , adding multilayer dielectric substrate [13] , and using Ferrite EBG structure [14] .
In this work, a dual-layer EBG structure is proposed to reduce the mutual coupling of the probe-fed microstrip patch antenna arrays coupled in the E-plane which has a stronger surface wave than that of H-plane arrays. The proposed dual layer structure was inserted between antenna elements. In contrast to some other works [15] , two lowpermittivity layers were used in this work and made the EBG unit cell size considerably smaller than the patch antenna size without sacrificing antenna performance. In addition, in the proposed EBG structure, the series capacitance between neighbor cells was enlarged in order to compact the cells. 
Figure 1: (a) Mushroom-like EBG structure, (b) equivalent circuit model of the conventional EBG unit cell [12] . In the first part, the design of the proposed unit cell is presented. In the second part, the effects of the EBG structure in reducing the mutual coupling of patch antenna arrays coupled in the E-plane are investigated, and the results are discussed later.
EBG Structure Design

Introducing of Conventional and Proposed EBG Unit Cell.
The mushroom-like EBG structure was first proposed in [16] . It consisted of four parts: a ground plane, a dielectric substrate, metallic patches, and connecting vias. This EBG structure exhibited a distinct stopband for the surfacewave propagation and its operation mechanism could be explained by a combination of series LC circuits, and a parallel LC circuit as shown in Figure 1 [12] [13] [14] [15] [16] [17] . In this case, the stop and start frequencies of the band gap were given by these equations [17] :
where the parameters L L , C L , L R , and C R represent shunt inductance, series capacitance, series inductance, and shunt capacitance, respectively. From (1), it can be seen that in order to achieve an even more compact EBG structure, the capacitances and inductances should be increased, but in the EBG design procedure, if the dielectric material and its thickness are chosen, the inductances cannot be altered. Therefore, only the capacitances can be enlarged. Here, to compact an EBG unit cell, the series capacitance was enlarged. In this case, the circuit model of conventional unit cell changed to a circuit model shown in Figure 2 . In addition, (1) was replaced by
As shown in Figure 2 , capacitance C was added in parallel to C L . In this work, capacitance C was achieved by adding a rectangular metallic ring to the layer under the EBG layer. Figure 3 shows the conventional and proposed EBG unit cells. At bandgap, an EBG cell was characterized by a high value of surface impedance and a reflection phase of zero. As shown in Figure 4 , the impedance surface was obtained by applying periodic boundary conditions on a cell and by setting the wave port impedance up to the top of the cell. Using the finite element solver HFSS, the impedance surface and reflection phase were computed under a normal incidence. Figure 5 shows the surface impedance for conventional and proposed EBG unit cells. In this case, both cells have similar dimensions. As shown in this figure, the proposed cell has a lower resonant frequency than the conventional one. This resonant frequency reduction is the result of series capacitance enlargement. When a 2 decreases, the width of rectangular ring increases; so, the series capacitance (C) grows and the resonant frequency moves to lower frequencies ( Figure 5 ).
Compressing Conventional and Proposed EBG Unit Cells.
Antenna Design and the Results
The E-plane coupled microstrip antenna arrays suffer from strong mutual coupling because of surface waves. Due to the capability of EBG structures to suppress surface waves, a single string of EBG cells was inserted between antenna elements in order to reduce the mutual coupling ( Figure 6 ). Because a single string of EBG cells was inserted between the elements, the EBG cells in Figure 6 are one-dimensional (they were repeated only in the x direction), while the EBG structures in Figure 3 are two-dimensional (they were repeated in x and y directions). In this case, to increase the series capacitance between the cells, the rectangular ring in Figure 3 was replaced with the metallic ribbon in Figure 6 .
Most proposals found in the literature have used thin, high-permittivity substrates for reducing the size of EBG cells, and both the periodic structure and patch antenna have been printed on the same layer; however, the highpermittivity layer has decreased the bandwidth and directivity of the antenna. In this work, the low-permittivity layers were used for increasing the bandwidth and directivity of antenna. Reduction of the permittivity layers will increase the size of the EBG cell. To reduce the size of the EBG cell, the series capacitance (C) was increased.
HFSS numerical simulation was used to simulate the Eplane coupled microstrip antennas on a dielectric substrate with h 1 = 0.508 mm, h 2 = 0.381 mm, ε r1 = 3.55, and ε r2 = 2.2. To obtain the resonant frequency at 5 GHz, the rectangular patch's size was 10 mm × 17.9 mm, and to avoid the grating lobe, the distance between the patches was 30 mm (0.5λ).
The optimum values of the structural parameters of the antenna are as follows.
The simulated mutual coupling (S 12 ) and reflection coefficient (S 11 ) in both cases (i.e., with and without EBG) are compared in Figure 7 . As shown in this figure, the proposed configuration improves the mutual coupling between patch elements.
The proposed antenna with optimum dimensions was fabricated. Figure 8 shows the measured mutual coupling and reflection coefficient. In this figure, the simulated results are in a reasonable agreement with the measured results. As a consequence, for the case of a single string of the proposed EBG, a 19 dB reduction in the mutual coupling was achieved in the array with EBG, which is not the case for the array without the EBG.
Conclusions
In this paper, a novel compact EBG structure was studied for the array miniaturization with the reduced mutual coupling. In such a structure, the series capacitance was enlarged between the neighbor cells by adding a rectangular metallic ring to a layer under the EBG layer. The EBG structure was analyzed using the HFSS numerical simulation, and it was compared with the conventional EBG structure. A single string of the EBG structure was inserted between antenna elements in an E-plane coupled microstrip antenna array in order to reduce the mutual coupling. Compared with the case without the EBG, the case of a single string of the proposed EBG achieved a 19 dB reduction in mutual coupling. This mutual coupling reduction technique can be used in various antenna array applications.
